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TECHNICAL PAPER
DAMPING SEALS FOR TURBOMACHINERY
INTRODUCTION

The stable operation of turbomachinery depends mainly on the damping of the rotor motion [1].
Squeeze film dampers are designed for this very purpose [2], and also shaft seals are employed [3,4]. Seals
are most convenient, since they are already included in the turbomachine design. However, the damping of
a seal also generates a whirl driver force as shown in the pioneering work of Henry Black [5] who died
January 17, 1980. He and his service to all are well-remembered [6].

The seal damping, normally effective only to twice the first critical speed, becomes an unstable
whirl driver at higher speeds. Thus, high performance turbomachinery which has to run above the first
critical speed is limited by an upper bound twice the first critical speed unless additional damping is applied.
The fluid shear forces between the rotating journal and the stationary bushing produce a circumferential
bulk flow, known as Couette flow [7], at half the shaft speed. The fundamental relation between Couette
flow and whirl forces was recognized by Black [5]. Black, Allaire, and Barrett [8] found for the circum-
ferential flow, as an approximation, an exponential function with the axial position as the independent
variable, the inlet swirl as the boundary condition, and the Couette flow at half speed as the asymptote.
It is shown that the whirl force can be reduced with a low or reversed inlet swirl under the assumption that’
the swirl can be transferred from the inlet cavity to the narrow seal gap.

This paper proposes the application of the seal surface roughness for stabilization and sealing. The
distribution of the circumferential flow is approximated by the asymptotic state of the Couette flow which
is assumed to prevail over the total seal length. The approximation is justified by the results of Black et al.
[8], who show that seal friction advances the asymptotic approach upstream toward the inlet. The formu-
lation treats the Couette flow generation by surfaces of different roughness without invoking a dominant
axial flow as in References 5 and 8. This generalization is more representative of long seals. The turbulent
seal friction is given by Moody’s pipe friction formula [9] for Reynolds numbers up to 105 and above.
Linearization is applied at the steady flow point to aid the integration of the flow effects over the cylin-
drical surfaces. The steady flow is determined with the Newton-Raphson’s iteration method. The dynamic
parameters are derived for small deflections about the seal’s center position. Numerical results are given
for the oxygen and the hydrogen turbopumps of the Space Shuttle main engine.

ROTOR STABILITY

This section briefly reviews the purpose of the rotor damping with the help of a simple model. The
model consists of a rotor (Fig." 1) with a mass mg, eccentricity eh,, combined bearing and seal stiffnesses Ky

and K, seal damping C, speed €2, and Couette flow velocity v. The whirl cross coupling is given by cQC =

(v/1)C, with the Couette factor ¢ and the seal radius r. The centrifugal force caused by the unbalance is
given in equation (1). The components of the force are obtained with matrix Qq of the equation (2) that

rotates the unit vector i of equation (3) by the angle . The force is balanced by the dynamic stiffness
effect given in equation (4). The inverse is the response of equation (5).



ROTOR WITH SPEED @, mass,
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Figure 1. Simple rotor model.
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The common denominator of equation (5), given in equation (6), results from the determinant of
equation (4). The characteristic equation D = O determines the stability. The mapping of the contour of the
right half of the complex s-plane (see Nyquist criterion [10]) yields the stability criterion. The limit is
found by rearranging equation (6) for s = jw and setting D = 0. The imaginary part of D yields the critical
speed and rotor resonance [Eq. (7)]; and the real part of D, the stability limit (inequalities 8 to 10).
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The stability condition of inequality (9) is obtained by rearranging the inequality (8). The special
case of a uniform suspension (Ky = K,) yields the simplest stability criterion : inequality (10). The latter

satisfies also the inequality (9) on the conservative side. Inequality (10) limits the speed of turbomachinery
that operates above the critical speed. For example, a half-speed Couette flow has a ¢ = 0.5 and limits the
speed at twice the critical speed (2 < 2w,)) as, e.g., early in the development of the high pressure hydrogen

turbopump of the Space Shuttle main engine [4]. If the Couette flow has a ¢ = 0.25, then the limit is
extended to £ < 4w,. The objective of this study is to define a seal configuration with a Couette factor
¢ <0.5.

SEAL GEOMETRY

Figure 2 shows the cross section of the seal for an exaggerated gap situation. The eccentricity eh,

(0 <e <'1) points with the time dependent angle «(t), and the gap is measured at an angle 8. Both angles
are inertially referenced. The cylindrical coordinates are x (axial position) and q = 18 (r = R circumferential
position). Equations (11) through (15) give, in respective order, the rotational transformation matrix Q for
the angle -a(t), the right angle rotation matrix II, the unit vector i, the partial derivative after §, and the
partial derivative after time. Equations (16) through (21) are, in respective order, the compact expressions
of cosine and sine, seal gap h, the differential relative to the gap, the circumferential partial derivative rela-
tive to the gap, and the time partial derivative relative to the gap. Equation (18) follows from Figure 2,
R-r=h,, R=r,and h=R- [r+ehycos(§ - &)] =hgl1-ecos(B-a)l.

AXIAL BULK FLOW VELOCITY
RADIAL GAP h

ROTOR WITH RADIUS r, SHEAR FORCE T
AND SURFACE VELOCITY w

STATOR WITH RADIUS R AND SHEAR FORCE Te
ol
COUETTE FLOW VELOCITY

Figure 2. Seal cross section,
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FLOW FRICTION

The flow frictinn is given by the pressure drop in pipes Ap = p(u® /2)(L/D)f with the friction factor
f [9], length L, hydraulic diameter D (D = 2h for seals with radial gap h), roughness k (k/h roughness relative
to gap h), axial bulk flow velocity u, and fluid density p [11]. The seal has the axial and circumferential
bulk flow velocities u and v and the rotor surface velocity w (Fig. 2). The fluid shear stresses on the surfaces
of the stator (bushing) and the rotor (journal) are 7 in equation (22) and 7, in equation (23). The pressure

gradient is given in equations (24) and (25) with the axial and circumferential components. The Reynolds



numbers are given in equations (26) and (27), the frictions in equations (28) and (29), the friction’s Taylor
expansions in equations (30) and (31), the friction velocity factors in equations (32) and (33), and the
friction gap factors in equations (34) and (35); all equation pairs are for the stator and rotor, respectively.
The fluid viscosity is p in equations (26) and (27) and the surface roughnesses kg and k. in equations (28),
(29), and (32) through (35) for the stator and rotor, respectively.

_ u? +v? fS (22)

TP
w2+(v-w)? Ir
Ty @
-9 Toy 1T
_é_i_ = s_xh_ri = 8_ph [Ufs‘ /u4+v: + ufr\/u2 +(v-w)? ] (2%)
-9 TentT o
©op _ sS4 _ A [vf. Ju?+v? + (v-w)fr\/u2 +(v-w)? ] (25)
39 I gh S
R, = 2on 2+ (26)
M

=
I

r % 2h+/u? +H(v-w)? 27)

. kg 106 1/3 -l
f. = 0.0055|1+ { 10* — + — 2
S 5 h RS ( 8)
kI' 106 1/3 -‘
f. = 0.0055 |1+ 104 —+ — 29)
bR
_ udutvdv dh
fse = Is-8& 2+2 S h (30)
£ o= udut+(v-w)dv dh 31
ré -8 w2 +H(v-w)? h )
0.0055 - 106 32)
g =
°  3R,(10°ky/h + 108 /R)%/3
0.0055 - 108
g = (33)

2/3
3R(10%k /h + 105 /R)?/



0.0055
hy = — (10*k /h + 106 /RY1/3 (34)
.00
h, = 2 355 (10%k,/h + 108 /R )1/3 (35)

COUETTE FLOW

The Couette flow is generated by the rotor shear force and resisted by the stator shear force. An
eccentricity causes an additional circumferential flow that produces the pressure gradient component of
equation (25). The latter is assumed to be negligible, as expressed by the equation (36), which yields the
Couette factor ¢ = v/w. The limits given in equations (37) and (38) follow from the circumferential and the
axial flow dominances. The Couette factor varies little with u, as Figure 3 shows.

vigJu? +v + (v-w) f/u+(v-w)? = 0 (36)
u=20:¢c= :V— = 1/(1 +/f/f) 37
v
u=o:¢=— = 1/1 +fs/fr) (38)
w
viw0.5 fs/fr
o - 1
2
5
i 10
L 1 1 . i . au/w
0 5

Figure 3. Couette factor ¢ = v/w versus the axial flow velocity
ratio u/w for friction ratios f/f -



FLOW CONTINUITY

The motion of the gap pumps the assumed incompressible fluid, according to equation (39), to pre-
serve the volume. The equation is further simplified to equation (40) by canceling terms, assuming no gap
taper (0h/dx = 0), and by assuming a constant circumferential flow (av/dq = 0). Equation (41) is obtained
by substituting equations (20) and (21) in equation (40), and by approximating 1/h with l/ho. The intro-

duction of the definitions of the equations (42) and (43) and the integration of equation (41) yield the axial
velocity of equation (44) with u; as the inlet velocity.

ou v oh oh
uvhdq + vhdx = uhdq + h — dxdgq + vhdx + h— dqdx + v — dqdx + — dxdq (39)
ox 0q oq ot
) oh dh
_i + v___ +—=0 (40)
o0x haq hot
= iTEI- qeQi + - i TQI = A (41)
oX T
. .V ]
vy =0-—=a-cfd (42)
r
A = il(eI- yel)Qi (43)
u = up+xA (44)

PRESSURE DISTRIBUTION

The dynamic pressure gradient of equation (45) follows from equation (24) by adding the mass
acceleration of equation (46). The equation (47) is obtained by expanding all factors of equation (45) with
first order terms and by utilizing the expanded friction factors of equations (30) and (31). The multiplica-
tion of all factors and the neglecting of second order terms yield equation (48), which is the Taylor expan-
sion of equation (45). The definitions of equations (49) through (51) lead to the compact form of the
Taylor expansion, equation (52). The time derivative of equation (46) applied to equation (44) yields equa-
tion (53). The definitions of equations (42) and (56) result in a further simplification, equation (54). The
pressure distribution of equation (58) is obtained by integrating equation (52); by substituting the defini-
tions of equations (19), (43), (55), and (56); and by employing the approximation of equation (57).

_ap

pu du
ox. - 8h [fs\/a2 +v2 + fr\/u2 +Hv-w) ] +p— (43)

dt
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— = .E (19)
h,
Aul =u-uj = xA (55)
B = il [(&5%e)] - (Ge+278)O]Qi (56)
u2 - ulz

5 = uj(u-up) = uyxA 7

x2 duj 42

pp~-p = xu1F+?A(F+G)+xulE(F+H)+xpT +—2— pB+Xpu1A (58)

BOUNDARY CONDITIONS

The pressure drop over the total seal gap length L of equation (59) follows from x = L in equation
(58). The inlet loss f] reduces the inlet cavity pressure p, to the inlet pressure p; of equation (60), assuming

u, = 0. The outlet pressure p, equals the outlet cavity pressure p3 of equation (61), assuming a sudden
discharge into a large outlet cavity (fy = 1) and uz = 0. Equation (62) gives the pressure drop from one to
the other cavity. Equation (63) describes the inlet flow velocity u; as the sum of the steady (u,) and the
oscillatory (up) velocities. Equation (64) results from equations (62) and (63), u, >> uy, uiF = uaF +
up(F+G), and from neglecting second order terms. The steady-state part of equation (64) is given in equation

(65) as a Taylor expansion, and in equation (66) in the iterative form after Newton-Raphson. Equation (67)
is the oscillatory component of equation (64) with s replacing d(-)/dt and tacitly assuming the Laplace
transform for the variables. Equation (68) defines the time constant 7, and equation (69) the limit 7 that is

found by conservatively neglecting pua(1+f 1)- Equation (70) follows from equations (58) and (60). Equa-
tion (71) follows from equations (63) and (70), u, >> w, w12 /2 2 u? /2 + uyuy, uF =y F + up(F+G),

and by neglecting second order terms. The pressure distribution of equation (71), together with equations
(66) and (67), expresses the effects of the boundary conditions and the seal gap.

L2 du 2
Py -Py = LujF + LuE(F+H) + = A(F+G) + Lp ——+ = pB + Lou A (59)
uy? ulz
PO-P—E"fl =P1+PT (60)
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DYNAMIC SEAL PARAMETERS

The fluid forces are obtained by integrating the pressure distribution of equation (71). First, the
axial integration gives the radial force in equations (72), (75), (81), and (87); and second, the circumferential
integration gives the total fluid force in equations (88) and (107). Equation (73) defines the average pressure
p, which does not contribute to the side force. Equation (74) defines the factor N of the variable velocity

uy, as derived from equations (67) and (72). Equation (74) is further simplified by substituting with equa-

tions (68) and (69). The substitution of equation (67) in equation (72) yields equation (75) and the defini-
tions of equations (76) through (84). The time constants of equations (68), (69), (80), (84), and (85) are
ordered like the inequalities (86). The upper limit of equation (85) is derived by selecting a v/u ratio that
minimizes the stator and the rotor frictions in F+G [equations (49), (50), and (69)]. The circumferential
integration of equation (88) is vectorially accomplished to advantageously use the matrices of equations
(89) and (90). The integration of the functions E, A, and B [equations (19), (43), and (56)] involves the
function type of equation (91). The latter employs equation (89) to separate the angles « and § via the
matrix product. The integrations of equations (92) lead to a diadic that, when integrated, yields a simple
result. Equations (93) through (95) relate the polar and rectangular coordinates and their derivatives. Equa-
tions (96) through (98), the integrals of the functions E, A, and B, are transformed with equations (42) and
(93) through (95); and s = d(-)/dt to rectangular coordinates, tacitly assuming Laplace transformed variables.
Equations (87) and (96) through (98) yield the definitions of equations (99) through (107). Equations
(102) through (106) give the frequency response of the dynamic parameters. The frequency response is due
to the time constants 7, T4, and 7y, which are small as indicated by the limit ™ of equation (85) and inequal-

ities (86). The frequency response is obtained with s = jew and by replacing 1/(1+s7) = (1-s7)/(1+w?7?) and
s> = -sw?. The (w7)? terms are usually negligible; however, (cQ)? m, and 7K, are not [equations (102) and

(107)]. The vector equation (107) is the dynamic model of the seal. The whirl driver is the off-diagonal
elements that are proportional to the Couette factor ¢ and the rotor speed £2.

u,? 2 2 3

L
L L
J pax = Lpg-Lo— (14+1)) - = ugF - = u, [E(F+H) + pA] - — [AGF+G) + oB]
(o)

- Luy, [pua(1+f1) + ]% (F+G + sp)] (72)

11
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h, f EQgidf = mhyeQqi = WI:Z:I (96)
(o]
27 .
h, J AQqids = mhy(elHel)Qyi = W[ZJ - meQIl [Zj, = w(sI—cQH)[Z] 97)
(o]
27

ho J BQgids = mh,[(E=y* )l + (de+27¢)d] Qo
o
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3
C. = ET_L_(F.;-G) (100)
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Co(1+w? T7,) + myw? (7-1,) - 7K,
= (103)
1+w?7?

m_(1+w?77m,) - C.(v-7,)
m = o b o\ a (104)
1+c0? 72

B Co(1+w?77y) + 2myw? (1-1)

= 10
Ce s (105)
mo(1+cu2 TTh)
mg = ———— (106)
F K-(c©)’m,. +sC+s*m cQ[C.. +s(m+m.)] y
v _ c ¢ ¢ . (107)
F, -c2[C, + s(m+m,)] K-(c2)? m, +sC + $2m z
STABILITY

The dynamic models of turbomachines are far more complex than the simple model of Figure 1.
The dynamic models consist of a sum of normal modes with gyroscopic moments and fluid forces added.
The normal modes are the sum of resonators. The resonators are tuned to individual resonances, such as
the critical speeds of the rotor. At one critical speed, one resonator dominates; and thus, the simple model
of Figure 1 appears to be representative of the rotor behavior when the rotor mass is replaced by the gen-

eralized mass mgy and the suspension stiffness by the generalized stiffness Kg at the seal location. The

stability is assessed by adding Kg + §? mg to the diagonal of the matrix in equation (107). The combined

parameters are defined in equations (108) and (109). The determinant of the modified matrix of equation
(107) gives the characteristic equation (110). (See Eq. 6.) The imaginary part of D =0 yields the resonance
of equation (111); and the real part, the stability limit of the inequalities (112) through (114). The ratio
‘Q’L/“’o of equation (115) is approximately 1/¢, because C = Cc and w02 (m+m) is small. In other words,

the Couette factor controls the speed limit.

K, = K+Kg (108)

m. = m+m (109)
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D = [K,-(cQPmg]? +(cQPCS2 +s2[C(K, - (@) m) + (cQ)? Co(mtm,)]

+ 52 [C2+2(K, - (eQ)* m)m, + (cQ)? (mtm)? ] +5°2m C+s*m? = 0 (110)
K m

w2 = — = (cQ) — (111)
my my

2[K, - (c2)? m;]? + (cQ)? C02 < [K, - (cQ)*m ]C? /m + 2[K, - (c§2)? m.]?

+ [K} - (c2)> m ] (c2)? (m+m)® /m, (112)
(2)*C2 < wg? [C? + (c)* (mtm)? ] (113)
Yo C
Q< — — = Qp (114)
¢ \/Cc2 - wo* (mtmg)
Qr C/c
= (115)

(.OO /CC2 _ wo2 (m+mc)2

NUMERICAL RESULTS

Table 1 compares a Rocketdyne analysis after Black for a uniform Couette flow factor ¢ = 0.5 with
the new analysis for equally polished seal surfaces of relative roughnesses k/h, = kr/ho =0.002. The results
are similar and differ mostly at the fluid film stiffness. The difference is most likely due to Black’s assump-
tion of a dominant axial flow, while the new formulation is not thus restricted. Table 2 lists the recent
design parameters for seals of the high pressure fuel turbopump’s (HPFTP) first and second pump inter-
stages, and the high pressure oxidizer turbopump’s (HPOTP) inducer shroud. Table 3 gives the results for
damping seals with rough strators of k¢/h, = 0.2 and polished rotors of k,/h, = 0.002. A high roughness

ratio is required because of the cubic root in Moody’s friction equations (28) and (29). Table 3 demonstrates
that speed limits of 2.8 and 3.9 times the first critical speed are feasible. The ratios QL/wO are calculated

with equation (115) for first critical speeds of 18,000 RPM and 15,000 RPM of the HPFTP and the HPOTP.
respectively. An inlet loss factor of f{ = 0.5 is applied in all cases. A comparison of Tables 1 and 3 shows

that damping seals also have a lower leakage velocity u (70 percent).
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TABLE 1.

Dimensions

HPFTP
Interstage
Seals

Black Model
Rocketdyne
Data 7/13/76

New Model

285

404

10® Ib/in.

CQCc

209

205

COMPARISON BETWEEN THE BLACK AND THE NEW MODEL

Ib-s/in. b ft/s 1
C
C cSZrnC m u
107 10.7 2.11 1004 2
93 6.5 0.56 1022 2

The comparison is for the straight smooth seal with a 3.14-in. diameter, 1.5 in. length, 37,360

RPM, and a relative roughness of kS/h0 = kl./h0 = 0.002 for the stator and the rotor.

TABLE 2. DESIGN PARAMETERS OF SEALS FOR THE HIGH PRESSURE FUEL
TURBOPUMP (HPFTP) AND THE HIGH PRESSURE OXIDIZER TURBOPUMP
(HPOTP) OF THE SPACE SHUTTLE MAIN ENGINE (SSME)

Dimensions

Seals

HPFTP First
Interstage

HPFTP Second
Interstage

HPOTP Inducer
Shroud

HPOTP Inducer
Shroud

Gap

0.0055

0.0055

0.01

0.02

inch

Dia.

3.56

3.56

4.70

4.70

Length

1.8

1.8

1.5

1.5

psia RPM lb/cft Ib/ft-s
In Out Speed Densiéy Viscosity
2432 288 36860 | 4.64 1.06 - 1073
4810 2557 36860 | 4.33 0.86- 1075
1824 433 30375 | 64.5 8.00 - 1075
1824 433 30375 | 64.5 8.00 - 1078
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TABLE 3. DAMPING SEAL PARAMETERS

Dimensions 1031b/in, Ib-s/in. Ib ft/s 103 10765 10° 11 | ep
_ - c F—
w
Seals K lcaC, | C |cam,|m u v w | R |R J7 |y |, (wor)2 o
HPFTP First
Interstage 340 | 182 [182 | 49 |1.3 |660(142 {573]271)316 |24 |16 15 2 40139
HPFTP Second
Interstage 358 | 179 181 4.5 1.2 | 703|140 {573 (3331383 {23 {15} 14 2 41139
HPOTP Inducer
Shroud, 0.01 in.
Gap 168 | 240 {202 37 7.3 154204 |623 343|600 [137]78 | 65 46 31129
HPOTP Inducer
Shroud, 0.02 in.
Gap 116 | 123 101 23 32 121711951623 7831}11290|166]|72 | 46 68 132128

The stator and rotor roughnesses are kg/hy = 0.2 and k/h = 0.002, respectively, w = 0; and the critical speeds for the
HPFTP and the HPOTP are 18,000 RPM and 15,000 RPM, respectively.

CONCLUSION

The dynamic and static seal parameters of seals with rough surfaces are derived without invoking a
dominant axial flow. Whirl stability and leakage are shown to be controllable by employing a stator with a
high surface roughness. The feasibility of damping seals is analytically demonstrated, but experimental
verification is needed. The proposed seals are simple and should be readily applicable to turbomachinery.
Speed limits can thus be raised, rotor vibrations reduced, bearing life improved, and costly shutdowns

avoided.
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